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Abstract 

Atrial fibrillation (AF) is the most commonly encountered cardiac arrhythmia, and is a significant source of healthcare expenditures 
throughout the world. It is an arrhythmia with a very clearly defined predisposition for individuals of advanced age, and this fact has led to 
intense study of the mechanistic links between aging and AF. By promoting oxidative damage to multiple subcellular and cellular structures, 
reactive oxygen species (ROS) have been shown to induce the intra- and extra-cellular changes necessary to promote the pathogenesis of AF. 
In addition, the generation and accumulation of ROS have been intimately linked to the cellular processes which underlie aging. This review 
begins with an overview of AF pathophysiology, and introduces the critical structures which, when damaged, predispose an otherwise 
healthy atrium to AF. The available evidence that ROS can lead to damage of these critical structures is then reviewed. Finally, the evidence 
linking the process of aging to the pathogenesis of AF is discussed. 
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1 Introduction 

Atrial fibrillation (AF) is the most commonly encoun- 
tered clinical cardiac arrhythmia, and recent data suggests 
the prevalence of this disease in Western societies is l%-3% 
of adults over the age of 20. [l 2] Individuals with AF are at 
increased risk of cardiovascular and cerebrovascular mor- 
bidity and mortality compared with individuals without this 
condition/ 2 ' 31 As a result, AF contributes significantly to 
healthcare costs worldwide. The estimated yearly cost of 
treating patients with AF in the United States alone is 
estimated to be over six billion USD. [3] In addition, popu- 
lation studies of AF have consistently shown AF is skewed 
towards individuals over the age of 70. [4] In one study con- 
ducted in a random male population from the United King- 
dom, AF prevalence was approximately 2.3% in individuals 
aged 65-74, but 8.3% in individuals aged 75-84. [2] This 
consistently observed correlation between age and AF pre- 
valence has led some researchers to look for a common link 
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between the mechanisms of aging and the mechanisms 
underlying the pathophysiology of AF. One likely link is the 
formation of reactive oxygen species (ROS) and the 
subsequent disruption of cellular redox balance, as increased 
tissue ROS appear to be positively correlated with in- 
creasing age. [5] 

This review begins with a description of AF pathophy- 
siology and describes the critical cellular and subcellular 
components involved in this disease. It then discusses cur- 
rent evidence regarding the susceptibility of these compo- 
nents to oxidative damage mediated by ROS, and the role 
this process may play in AF. Finally, the limited available 
evidence that age alone predisposes individuals to AF 
through ROS-mediated mechanisms will be discussed. 

2 AF pathophysiology 

The pathophysiology of AF is complex and, in the most 
general terms, involves three distinct mechanisms. These 
mechanisms are ectopic firing, atrial electrical remodeling 
and atrial structural remodeling. [6 ~ 81 

Ectopic firing, or ectopic depolarization of tissue, is the 
process underlying the initiation of AF "triggers". Ectopic 
firing may be caused by proarrhythmic mechanisms such as 
enhanced automaticity, early after-depolarizations (EADs) 
or delayed after-depolarizations (DADs) (Figure l). [9] Enha- 
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need automaticity occurs in cardiomyocytes when the in- 
ward rectifier potassium current in these cells is reduced, 
usually through compromised structure or function of the 
membrane-bound voltage-independent inward-rectifier pot- 
assium channel. This unmasks pre-existing pacemaker cur- 
rents in cardiomyocytes, allowing sodium channel-mediated 
membrane depolarization to occur during diastole/ 101 11 EADs, 
similarly, may be caused by prolongation of action potential 
duration (APD) that occurs as a result of reduced voltage- 
dependent delayed rectifier potassium channel function or 
reactivation of voltage-dependent sodium or L-type calcium 
channels during diastole. [12] Finally, DADs are caused by 
diastolic cytoplasmic calcium leak due to dysfunction in 
such mediators of intracellular calcium homeostasis as the 
sarcoplasmic reticulum calcium-release channel (ryanodine 
receptor) or the sarcoplasmic reticulum calcium-uptake pump 
(SERCA). [1314] Intracellular calcium leak induces a transient 
inward current that activates diastolic sodium channel-me- 
diated membrane depolarization. Despite mechanistic differ- 
ences, enhanced automaticity, EADs, and DADs all induce 
premature, unexpected diastolic membrane depolarization 



which causes AF when coupled to a vulnerable atrial substrate. 

As important as the mechanisms underlying AF triggers 
are the cells that have been implicated as the source of 
ectopic firing in patients with AF. Recent studies suggest 
several unique cell populations exist in the atrium and pul- 
monary vein sleeves that may contribute to AF triggers. 
These different cells types include periodic acid-schiff (PAS) 
positive sinus node-like cells,' 15 ' 161 interstitial Cajal-like cells 
or cardiac telocytes, [1718] pulmonary vein cardiomyocytes 
(PVCMs), [19 ~ 21] and cardiac melanocyte-like cells (CMLCs) 
(Table 1). [22] 

The pulmonary venous myocardium (PVM) creates a 
sleeve of developmentally distinct muscle fibers which 
project from the left atrium to cover the distal portion of the 
pulmonary veins. [23] Electrical activity originating in the 
PVM was shown to play an important role in human AF in 
seminal work conducted and published by Haissaguerre and 
co-workers in 1998. [24] While heterogenous in terms of its 
cellular composition, the predominant cell-type in this tissue 
is the pulmonary vein (PV) cardiomyocyte. Because of their 
postulated role in AF, PV cardiomyocytes have been exten- 
sively studied, and it is clear from these investigations that 
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Figure 1. Mechanisms of ectopic firing in atrial fibrillation. (A): A normal atrial myocyte action potential has 5 phases, labeled CM-; (B): 
Enhanced automaticity occurs when unmasked pacemaker currents lead to spontaneous depolarization in phase 4; (C): Early 
afterdepolarizations are associated with reactivation of voltage-dependent sodium channels or L-type calcium channels in phase 2 of the 
action potential; (D): Late afterdepolarizations are caused by dysfunctional intracellular calcium handling that results in depolarization during 
phase 4 of the action potential. 
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Table 1. Cell-types implicated in promoting atrial fibrillation triggers (references in brackets). 

Pulmonary vein Myocardial Sinus node-like Cardiac melanocyte-like 

cardiomyocytes telocytes PAS-positive cells cells 



Anatomic 
location 



Histology 



Cellular EP 
characteristics 



Stimuli that 
promote ectopy 



Pulmonary vein sleeves 



Striated cells that are 
rod-like or bifurcated (20) 

APD shorter than atrial 
myocytes; spontaneous and 
inducible automaticity and 
triggered activity (19) 

Ryanodine; muscarinic and 
beta-adrenergic agonists 
(19); ouabain (21) 



Greater number in atrium 
vs. ventricle; 
subepicardial and 
mid-myocardial (28 ) 

Oval somas with multiple, 
long, interstitial dendrites; 
c-kit + (28) 



Not directly assessed 



Not assessed 



Pulmonary vein sleeves; 
Pulmonary vein-LA 
junction; right atrial 
appendage (16) 

Pale cytoplasm with 
PAS-positive staining 
(15) 



Not directly assessed 



Ryanodine and 
beta-adrenergic agonists 
(16) 



Pulmonary vein os; posterior 
atrial wall; mitral and 
tricuspid annulus; intra-atrial 
septum (22) 

Bipolar dendritic 
morphology; pigmented in 
murine hearts; c-kit+ (22) 

Atrial myocyte-like action 
potentials; spontaneous and 
inducible afterdepolarizations 
(22) 

Muscarinic and beta-adrenergic 
agonists (22) 



APD: action potential duration; EP: electrophysiology; PAS: Periodic acid-Schiff; LA: left atrium. 



the electrophysiological properties of PVCMs differ marke- 
dly from those of left atrial cardiomyocytes. In 2002, Chen 
et alP 5] demonstrated the presence of cardiomyocytes with 
spontaneous pacemaker activity, or enhanced automaticity, 
in rabbit PVM. This automatic activity was subsequently 
correlated with reduced inward rectifier potassium currents 
in these cells. [25] Chen et alP s] also demonstrated isoproterenol- 
induced after-depolarizations linked to intracellular calcium 
flux in isolated rabbit PVM preparations. In a separate set of 
experiments, Honjo et alP 6] demonstrated that pretreatment 
of isolated rabbit PV cardiomyocytes with ryanodine, foll- 
owed by rapid pacing, was sufficient to induce spontaneous 
membrane depolarizations in these cells. Given the role of 
ryanodine in increasing the cytoplasmic pool of calcium, 
these results implicate the induction of depolarizing plasma 
membrane currents, likely through activation of the sodium- 
calcium exchanger, in the pathogenesis of spontaneous 
electrical activity in PVCMs. More recently, a direct compa- 
rison between the electrophysiology of PVCMs and left 
atrial cardiomyocytes was performed by Ehrlich et alP 1] 
These studies demonstrated that PVCMs have a more posi- 
tive resting membrane potential, shorter APD, and smaller 
voltage-independent inward rectifier potassium current when 
compared to cardiomyocytes from the left atrium. [27] Taken 
as a whole, results from these groups support the presence 
of an ionic channel complement capable of serving as a sub- 
strate for ectopic activity from the cardiomyocytes of the 
PVM. 

With regards to the existence of other cell types that may 
contribute to AF triggers, Perez-Lugones et alP 5] identified 
sinus node-like cells within human pulmonary veins that 
were associated with AF. These cells were identified by 
their pale cytoplasm and positive response to PAS staining 
within human cadaveric PV samples. Based upon the atta- 



ched clinical histories for each sample, the authors found 
that samples from four patients with a history of AF had 
sinus node-like cells in the pulmonary veins. However, no 
such cells could be detected in the pulmonary veins of five 
hearts from patients without AF following transplantation. 
While the authors of this study were clear that the conne- 
ction of sinus-node like cells to clinical atrial arrhythmias 
required further investingation, studies in canine models have 
provided some evidence for the contribution of PAS-positive 
cells in the PVs to atrial arrhythmias. In a study by Chuo 
et a/., [16] the authors induced voltage-independent triggered 
ectopy, by applying ryanodine and isoproterenol, which 
induced atrial arrhythmias in Langendorf-perfused canine 
hearts. The authors then identified PAS-positive cells 
clustered in the endocardium of the PV muscular sleeves 
from one preparation near the region from which they 
mapped frequent focal discharges, while few PAS-positive 
cells could be found in another preparation from a heart 
with no focal discharges. 

More recently, a few studies have demonstrated the 
presence of cardiac telocytes within the muscular sleeves of 
PVs. [17 ' 18 ' 28] Morel et a/. [17] described a rough correlation be- 
tween cardiac telocytes in the PVs and clinical AF, where 
two of three patients with detectable PV cardiac telocytes 
had documented AF. The report by Gherghiceanu et a/. [18] 
described the presence of cardaic telocytes in human PVs 
with no analysis of their connection to arrhythmia. However, 
neither of these studies characterized the electrophysiolo- 
gical properties of cardiac telocytes or explored mechanisms 
by which they may contribute to atrial arrhythmias. This is 
partially due to the fact Interstitial Cells of Cajal (ICCs) are 
well characterized within enteric smooth muscle and known 
to mediate gut motility in response to autonomic efflux. [29 ~ 31] 
Therefore, the assumption that cardiac telocytes within human 
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Figure 2. Role of ROS in the pathogenesis of atrial fibrillation(references in brackets). ROS-mediated damage impacts multiple 
cellular and subcellular structures which promotes AF pathogenesis. References are in parenthesis. DADs: delayed afterdepolarizations; 
EADs: early afterdepolarizations; ETC: electron transport chain; hERG; human ether-a-go-go related gene; MMP: matrix metalloproteinases; 
NOS: nitric oxide synthase; ROS: reactive oxygen species; SERCA2: Sarcoplasmic reticulum calcium- ATPase, type2. 



PVs probably exhibit similar electrophysiologic behavior 
leading to PV ectopy is reasonable. However, in the gut, 
ICCs mediate very slow electrical responses (on the order of 
seconds), which are too sluggish to explain the rapid response 
time of PV ectopy that triggers AF (which is on the scale of 
milliseconds). While the contribution of cardiac telocytes to 
atrial arrhythmias will require further validation, it is intri- 
guing to consider the possibility that cardiac telocytes in the 
heart may contribute to atrial arrhythmias either as a source 
of triggered activity (as they appear to in the intestines), or 
that they may increase arrhythmogeniciry by contributing to 



zones of slowed conduction and promoting local reentry. In 
either case, these reports highlight the potential contribution 
of non-cardiomyocytes to atrial arrhythmogenesis, and open 
the way for exploring the contribution of other cell popula- 
tions to atrial arrhythmias. 

Less extensively studied, but potentially as interesting as 
these other cell populations, are the CMLCs. These cells, 
first described by our laboratory in mice and later shown to 
be present in human hearts, are found near the pulmonary 
vein ostia and in the posterior walls of both cardiac atria. 
CMLCs express markers of the melanocyte lineage but are 



Journal of Geriatric Cardiology | jgc@jgc301 .com; http://www.jgc301 .com 



Schillinger KJ & Patel VV. Atrial fibrillation, reactive oxygen species, and aging 



383 



not derived from neural crest, making their origin unclear at 
this time. They also express adrenergic and muscarinic rece- 
ptors, and are usually found in close proximity to autonomic 
nerve terminals. The electrophysiologic properties of CMLCs 
are of particular interest, and we have shown these cells 
display cardiomyocyte-like excitability, and the ability to 
electrically couple with cardiomyocytes. The proximity of 
these cells to autonomic innervation in the heart which corre- 
sponds to the anatomic sites that most often give rise to cli- 
nical AF triggers, their complement of adrenergic and mus- 
carinic receptors, and their electrical excitability make them 
excellent candidates for sources of ectopic firing in AF. [22] 

While AF triggers play an integral role in arrhythmia 
initiation, a right and left atrial substrate capable of suppor- 
ting AF wavefronts is also essential to promote atrial fibrila- 
tion. [6 ' 79] One process involved in the generation of this sub- 
strate is called "electrical remodeling" and involves altera- 
tions in ion channel currents on a subcellular scale. Electr- 
ical remodeling involves the activation of compensatory 
mechanisms designed to protect atrial cardiomyocytes from 
the increased cytoplasmic calcium concentrations that occur 
as a result of tachyarrhythmias. [32] Part of the electrical remo- 
deling process provoked by AF includes augmenting voltage- 
dependent inward rectifier potassium currents and the inact- 
ivation of calcium currents to reduce atrial cardiomyocyte 
APD. As a consequence of these ionic changes, the short- 
ening of atrial cardiomyocyte APD may facilitate micro- 
reentry necessary to perpetuate AF. [33] Simultaneously, 
changes in global calcium handling predispose atrial cardio- 
myocytes to DADs as described above. Together, the 
reduced APDs and propensity for calcium-induced ectopic 
firing provide a substrate which supports and perpetuates 
AF wavefronts. 

Working in concert with atrial electrical remodeling to 
produce a vulnerable substrate for AF, is the process of 
"structural remodeling". In contrast to electrical remodeling, 
structural remodeling occurs on a macroscopic scale and 
largely involves interstitial fibrosis. [34] The intercalation of 
collagen bundles between atrial cardiomyocytes impairs 
electrical continuity between these cells, and creates regions 
of slow and discoordinated conduction. At the same time, 
the fibroblasts which synthesize this collagen matrix can 
electrically interact with atrial cardiomyocytes to produce 
ectopic electrical activity. [35] The end result of these changes 
is an alteration in atrial tissue composition such that the func- 
tional reentry necessary to support AF can now occur. [34] 

3 ROSandAF 

Given its high metabolic profile, the heart bears a large 



burden of exposure to ROS. Sources of ROS in the atrium 
include the byproducts of endogenous and exogenous redox 
systems such as NADPH oxidase, xanthine oxidase, the mito- 
chondrial electron transport chain, myeloperoxidase (MPO), 
and uncoupled nitric oxide synthase. [36] 

NADPH oxidase and the mitochondrial electron transport 
chain (mETC) are major sources of superoxide anion in the 
heart, a highly reactive and unstable ROS. Both NADPH 
oxidase and the mETC have been shown in humans and ani- 
mal models to play a role in AF pathophysiology. Using a 
tachypacing goat model, Reilly et alP 7 ^ demonstrated an 
NADPH oxidase-dependent increase in atrial superoxide 
content after only two weeks of persistent AF. After 6 mon- 
ths of persistent AF, this increase in tissue superoxide anion 
was still present, but was shown to now be dependent on the 
mETC. Human studies conducted by Kim et al. [3H] demon- 
strated a significant increase in superoxide production in 
tissue samples taken from the right atrium of patients with 
AF compared to those taken from patients in sinus rhythm. 
Importantly, these increases in superoxide anion were 
correlated with increased NADPH oxidase function. Taken 
together, these results suggest an important role for endo- 
genous superoxide anion production in the pathophysiology 
of AF. 

Uncoupled nitric oxide synthase (NOS), and the reactive 
species nitric oxide (NO) which is a byproduct of NOS 
activity, have also been implicated in AF pathogenesis. 
Three isoforms of NOS exist that are distributed in varying 
proportions within the cells of the atrium including atrial 
cardiomyocytes, macrophages, neutrophils, and endothelial 
cells. [36] In an uncoupled state, NOS enzymatic activity 
produces superoxide anion. As with NADPH oxidase, un- 
coupled NOS-mediated production of superoxide anion has 
been implicated in AF pathophysiology. Induction of NOS 
isoform 2 (NOS2) has been reported in the atrium of a 
canine tachypacing heart failure model. These changes in 
NOS2 expression correlated with decreased atrial effective 
refractory periods and an increase in inducible AF. [3?I In a 
similar fashion, increases in atrial NOS expression were 
observed in a canine model of AF induced by seven days of 
tachypacing. [40] While these experiments suggest an important 
correlation exists between increased NOS2 expression and 
AF, they did not establish a causative link or identify the ac- 
tual cell-type responsible for increased atrial NO production. 

MPO is a unique source of ROS in the heart, as it is a 
bactericidal enzyme released from activated polymorphonu- 
clear leukocytes (PMNs). Extracellular MPO generates hypo- 
chlorous acid, a ROS which activates multiple intracellular 
signaling cascades and matrix metalloproteinases (MMPs). 
Functional MPO was shown to be necessary for generation 



http://www.jgc301 .com; jgc@mail.sciencep.com | Journal of Geriatric Cardiology 



384 



Schillinger KJ & Patel W. Atrial fibrillation, reactive oxygen species, and aging 



of an angiotensin II-mediated mouse model of AF. [41] MPO 
has also been implicated in human AF, as a correlation was 
found between early recurrence of AF following radiofre- 
quency ablation and increased plasma MPO levels. [42] 
Increased plasma levels of MPO have also been described in 
patients with paroxysmal AF. [411 

With regard to the mechanisms by which ROS may cause 
AF, a number of experiments have demonstrated the critical 
subcellular and cellular components of the atria and PVM 
which promote AF are susceptible to ROS-mediated dam- 
age. For instance, ROS is known to affect the function of 
both potassium and calcium channels. [43Jt6] Exposure of iso- 
lated cells to oxidative stress has also been shown to induce 
ectopic firing due to enhanced automaticity, EADs, and 
DADs. [47 ~ 50] In an attempt to correlate ROS exposure to PV 
triggers, Lin et al. 5 ' exposed isolated rabbit PVs to hydro- 
gen peroxide and recorded action potentials from this tissue. 
As expected, with ROS exposure a significant increase in 
spontaneous depolarizations and EADs was observed from 
the PVs. Similarly, our lab has observed increases in CMLC 
APD with exposure of these cells to hydrogen peroxide in 
vitro (data not published). We believe that this increase in 
CMLC APD in response to ROS exposure predisposes these 
cells to EADs and DADs. Taken as a whole, these results 
from both groups strongly suggest a role for ROS-mediated 
ionic dysfunction as a cause of enhanced automaticity, EADs, 
and DADs that generate the ectopic firing associated with 
AF triggers. 

ROS are likely to play an integral role in atrial electrical 
and structural remodeling that underlie AF as well. In exper- 
imental systems, exposure to ROS significantly alters cal- 
cium handling in cardiomyoctyes through effects on the 
L-type calcium current, ryanodine receptor, the cardiac sar- 
coplasmic reticulum calcium-uptake pump (SERCA2), and 
the Na/Ca exchanger. [52 ~ 59] In addition, exposure of isolated 
rabbit left atrium to hydrogen peroxide has been shown to 
decrease left atrial APD. [511 This shortening in left atrial 
APD, which may be related to alterations in calcium hand- 
ling, is the hallmark of atrial electrical remodeling in AF. 

ROS are also likely to exert a direct influence on the 
expression and secretion of MMPs in the heart. [35] /n vitro, 
elevated superoxide production in cardiomyocytes has been 
shown to result in increased MMP gene transcription 
through mitogen-activated protein kinase pathways. [60] 
Furthermore, in vivo studies of reactive species in cardiac 
fibrosis have confirmed these in vitro findings. Zhao et a/. [61] 
have demonstrated that the deposition of collagen in an 
angiotensin Il-induced rat model of cardiac fibrosis was 
dependent on superoxide anion production. Perhaps more 
interestingly, in vivo mouse studies conducted by Rudolph 



et al. demonstrated a requirement for functional MPO in 
the generation of angiotensin II-mediated atrial fibrosis. This 
unique finding implicated PMN-derived ROS as a facilitator 
of cardiac fibrosis. These observations have added to a grow- 
ing body of evidence linking ROS to not only atrial elec- 
trical remodeling but also atrial structural remodeling in AF. 

4 Aging, ROS and AF 

Aging is a complex multi- factorial process characterized 
by a progressive decline in mitochondrial function. On a 
cellular level, mitochondrial dysfunction results in the accu- 
mulation of ROS, as the respiratory and electron transport 
capacity of this organelle is compromised. [62] Invariably, ac- 
cumulation of reactive species leads to redox imbalance, 
and an oxidative environment which causes the functional 
decline of both cells and tissues/ 631 Evidence of oxidative 
damage to critical cellular structures as a result of redox im- 
balance has been demonstrated in multiple different tissues 
including the heart, and it is conceivable that ROS-mediated 
damage in the PVM and atrium may serve as a mechanism 
which promotes AF in the elderly. [64] 

In an attempt to elucidate a role for aging in the develop- 
ment of AF triggers, Wongcharoen et al. l65] evaluated the 
electrophysiologic properties of PVs isolated from both 
aged (3 year-old) and young (3 month-old) rabbits. Pulmo- 
nary vein preparations from aged rabbits consistently demon- 
strated elevated resting membrane potentials and larger 
amplitude afterdepolarizations when compared to PV prep- 
arations from young rabbits. These differences in afterdepo- 
larization amplitude were linked to abnormal intracellular 
calcium handling, as aged PVs had significantly increased 
expression of ryanodine receptor and Na/Ca exchanger 
protein/ 651 These results suggest a relationship between the 
aging process and the pathogenesis of AF triggers, but they 
do not establish a direct mechanistic link between ROS gen- 
erated through the aging process and the observed ionic 
alterations. 

Antioxidant therapies, employed specifically to reduce 
ROS effects on the atria, have been studied in both humans 
and animal models. In a Wistar rat model of aging, Xu et al. [66] 
demonstrated a significant reduction in age-related atrial 
fibrosis and inducible AF through treatment with the PPAR- 
gamma activator pioglitazone. Furthermore, these results 
supported the notion that blocking age-induced ROS could 
prevent atrial changes supporting AF, as treatment with pio- 
glitazone was shown to reverse an aging-induced decrease 
in tissue free radical reduction in this model. While encou- 
raging, these results must be interpreted carefully. An im- 
portant limitation of this animal model is the fact that the 
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type of atrial fibrosis observed in aged Wistar rats is not 
seen in the atria of aging humans devoid of other co-mor- 
bidities. [67] Still, human studies of anti-oxidant therapy for AF 
have shown some promise. A recent meta-analysis of 
studies examining prophylactic administration of the antio- 
xidant N-acetylcysteine, to cardiac surgery patients revealed 
that pretreatment with this compound could significantly 
decrease the incidence of post-operative AF. [68] Similar re- 
sults have been obtained with 3-hydroxy-3-methylglutaryl 
coenzyme A (HMG-CoA) reductase inhibitors such as ator- 
vastatin, and abrogation of inflammatory pathways leading 
to ROS generation have been postulated to be the way in 
which these drugs reduce post-operative AF. [691 As with 
results from animal models, these studies warrant careful 
interpretation. While they appear to support the hypothesis 
that restoring tissue redox balance can help prevent AF, the 
studies look at redox imbalance that involves a large com- 
ponent of inflammatory mediators present because of the post- 
operative state. One would not expect such a large concen- 
tration of tissue ROS through the normal process of aging. 

With respect to atrial remodeling, very little experimental 
evidence exists linking the process of aging to the electrical 
and structural remodeling that generates a vulnerable atrial 
substrate for AF. Results from animal models have suggested 
that aging alone is associated with the left atrial cardio- 
myocyte APD shortening commonly associated with atrial 
electrical remodeling seen in AF. [70] However, no evidence 
currently exists to suggest that a change in APD in humans 
occurs with aging. Quite to the contrary, by studying right 
atrial monophasic action potentials and effective refractory 
periods in patients from four separate age groups (25 to 64 
years-old), Brorson et alJ ll] demonstrated no correlation 
between age and APD. Similarly, with respect to atrial 
structural remodeling, current evidence suggests human 
atrial fibrosis does not occur in the absence of other preci- 
pitating factors, such as AF. An evaluation of post-mortem 
histology from human atria performed by Platonov et a/. [67] 
demonstrated a lack of any correlation between age and the 
presence of atrial fibrosis. Taken as a whole, these results 
suggest that significant atrial remodeling necessary to gener- 
ate a cardiac substrate capable of supporting AF is unlikely 
to be a consequence of aging alone. Rather, these changes 
are likely to occur secondary to other insults to the atria, 
such as volume overload from mitral valve regurgitation or 
as a consequence of AF itself. 

5 Conclusions 

As our current understanding of the mechanisms that pro- 
mote and support AF continue to develop, this cardiac arrhy- 
thmia appears to more closely resemble a disorder acquired 



through a combination of exposures and comorbidities, 
rather than through purely genetic disposition. To be certain, 
through serving as agents of oxidative cellular damage, 
ROS are likely to be a major causative factor in the develop- 
ment of AF. As described above, the cellular changes 
brought about by ROS-mediated damage are sufficient to 
promote tissue changes consistent with AF triggers, and 
atrial electrical and structural remodeling. However, what is 
not immediately apparent is the threshold above which the 
heart is no longer capable of withstanding oxidative insult, 
or the extent to which the normal process of aging can gen- 
erate oxidative damage that exceeds this limit. The role of 
genetics in this process must also be considered as there is a 
2-3 fold increase in the risk of developing AF when at least 
one parent is afflicted with the disease. [72 ' 73] Furthermore, 
recent Genome- Wide Association Studies (GWAS) have 
demonstrated strong associations between human genomic 
loci and a predisposition for the development of AF. [741 
Whether the genes which reside at these loci are important 
for modulating the effects of ROS on the heart is currently 
unknown, but will likely be determined in the future. 

Determining what impact, if any, aging has on the 
pathogenesis of AF also has implications for the treatment of 
this disease. Appropriately, current AHA/ACCF/HRS guide- 
lines do not address the use of antioxidants for treating AF 
in a preventative fashion. [75] It goes without saying that a 
well-designed prospective study of the effectiveness of 
prophylactic antioxidant therapy in preventing AF will be 
required prior to any formal recommendations for their use 
in this capacity. However, even prior to clinical trials, a much 
better understanding of the intersection between AF patho- 
physiology and aging mechanisms will need to be outlined. 
Only then will logical therapeutic targets, with the potential 
to provide more benefit than detriment throughout the life of 
an individual, actually be defined. 
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